ABSTRACT: Surface temperature increases since the 1990s have often been associated with an increase in the speed of rock glaciers. Evidence of similar links on the centennial to millennial scale are, however, still lacking due to less focus to date on the medium-and long-term kinematics of these landforms. In order to assess (palaeo)climatic variations in rock glacier kinematics, we analysed the movements of the Stabbio di Largario rock glacier in the southern Swiss Alps using three different timescales. The Schmidt hammer exposure-age dating (SHD) was applied to study long-term kinematics in order to extrapolate the minimal age of the formation of the rock glacier, which may have started its development after the Mid-Holocene climate optimum, and to detect possible accelerations of the horizontal surface velocity during the Medieval Warm Period. Georeferentiation and orthorectification of six historical photographs of the rock glacier taken between AD 1910 and today were analysed using monoplotting to detect the rock glacier displacement on the decennial scale from the end of the Little Ice Age. Finally, differential global positioning system (dGPS) monitoring data available since AD 2009 were used to assess annual and seasonal creep rates of the rock glacier at present. Our results show a link between the periods of increase in mean air temperature on different timescales and variations in rock glacier kinematics and provide important new insights into rock glacier development and evolution on the long-term scale.
Introduction
Creeping mountain permafrost landforms such as rock glaciers are important indicators of both former and present geomorphological, climatical and ecological evolution of the Alpine environment (e.g. Barsch, 1996; Haeberli et al., 2006) . Classical rock glacier studies have mainly focused on the origin, structure, dynamics and age of these landforms (e.g. Humlum, 2000; Frauenfelder, 2005) . Since the early 1990s, advances in technical devices and computing power have allowed their analysis using improved geodetical survey methods (Lambiel and Delaloye, 2004) , airborne digital photogrammetry (Kääb, 2005) , and terrestrial laser scanning and space-borne radar interferometry (Strozzi et al., 2004) . Such studies suggest increases in rock glacier velocities as a consequence of higher surface temperature (e.g. Kääb et al., 2007; Delaloye et al., 2008; Bodin et al., 2009 , and references cited therein). In the European Alps, however, research on rock glacier kinematics has mainly focused on seasonal, annual, and decennial scales, covering, at the earliest, the second half of the twentieth century (e.g. Delaloye et al., 2010 , and references cited therein).
Little interest has so far been given to the mean-and long-term (century to millennia) kinematics of these landforms (e.g. André, 1994; Sloan and Dyke, 2004; Frauenfelder et al., 2005) , due to the lack of suitable methods for a correct spatial definition of rock glacier movements on mean-to long-term temporal scales (e.g. Frauenfelder, 2005; Scapozza, 2013) .
Such work is limited by the availability of vertical aerial photographs in the early decades of the twentieth century (e.g. Avian et al., 2005; Roer et al., 2005; Delaloye et al., 2010) as well as the difficulty of dating over the longer term (i.e. millennial timescales). Concerning the millennial-scale, the problem has in part been resolved with surface exposureage dating techniques such as the Terrestrial Cosmogenic Nuclides (TCNs) or Schmidt hammer exposure-age dating (SHD) (e.g. Winkler, 2009; Shakesby et al., 2011) .
The main objective of this study is to analyse existing links between rock glacier kinematics and trends in mean air temperature on annual to centennial and millennial scales. For this purpose, we have used the case study of the Stabbio di Largario rock glacier in the southern Swiss Alps ( Figure 1A ) by combining three different methods for assessing the rock glacier kinematics: the SHD for reconstructing the long-term kinematics (millennial scale); digital monophotogrammetry for calculating the horizontal surface movements on the centennial to decennial scale; and differential global positioning system (GPS) monitoring to provide information regarding short-term creeping variations (seasonal to annual scale). Particular emphasis will be given to the digital monophotogrammetry technique, which is applied here for the first time in studies of rock glacier kinematics.
Study Area and Site Characteristics
The study area is located on the orographic left side of the Soi Valley, in the northern part of the Cima di Gana Bianca massif (eastern Ticino Alps between the Blenio Valley and the Malvaglia Valley; Figure 1B ) in the southern Swiss Alps.
The region is characterized by old polycyclic paragneiss and orthogneiss (Galster et al., 2012) and belongs to the Simano Nappe, which in turn is included in the Lower Penninic. The semi-continental climate is characterized by high temperatures in summer and two maxima in precipitation in spring and in autumn. At 2500 m above sea level (a.s.l.), the mean annual precipitation (MAP) is around 2270 mm/a, whereas the mean annual air temperature (MAAT) is around À0.6°C (Scapozza and Fontana, 2009) .
After the pioneer study of Zeller (1964) , the peri-glacial geomorphology of the study area has been systematically analysed since 2005, with research on the description and the palaeoclimatic significance of existing rock glaciers (e.g. Scapozza al., 2010; Scapozza, 2013) and their dynamics (e.g. Ramelli et al., 2011; Mari et al., 2011) , on the local geophysical characterization of permafrost (e.g. Scapozza et al., 2011a) , and on the modelling of the permafrost distribution on the regional scale (e.g. Scapozza and Fontana, 2009 ).
This study focuses on the Stabbio di Largario rock glacier ( Figure 1C ), which belongs to the Swiss permafrost monitoring network PERMOS (2010) . It is a monomorphic (i.e. constituted by a single landform) rock glacier (sensu Frauenfelder and Kääb, 2000) , situated between 2240 and 2600 m a.s.l. on the northern flank of the Cima dei Toroi (2667 m a.s.l.) and of the Cima di Gana Bianca (2842 m a.s.l.). The rock glacier presents evidence of possible incipient destabilization of the entire landform (cf. Ramelli et al., 2011) , as indicated by a large longitudinal 3-4 m deep crevasse without visible ice and several long transversal crevasses in the central part, some tens of metres long, whereas the western part of the front has partially collapsed in the small stream situated in the northwestern part of the catchment ( Figure 1D ). Indeed, no signs of transversal crevasses are visible in vertical aerial photographs of the Stabbio di Largario before 2001 (not shown here). A topographic depression situated in the upper part of the rock glacier at 2470 m a.s.l. was occupied by a small glacier during the Little Ice Age (LIA) (Maisch, 1992) , with perennial ice patches persisting until AD 2004 and several small moraines left in the upper part of the rock glacier ( Figure 1D ).
For calibration purposes, part of the investigations referring to the Schmidt hammer measurements were also carried out on the Alpe Pièi rock glacier, which is a large polymorphic (i.e. presenting two or more superimposed lobes that can present a different degree of activity) rock glacier (sensu Frauenfelder and Kääb, 2000) , composed of two distinct superimposed lobes. This landform is located between 2340 and 2560 m a.s.l. on the southern flanks of the Cima dei Toroi and of the Cima di Gana Bianca ( Figure 1C ).
Methods

Schmidt hammer exposure-age dating (SHD)
The Schmidt hammer is a lightweight mechanical instrument allowing a rapid and non-destructive control of the quality of concrete based on the measurement of a rebound value (Schmidt, 1950) . The a-dimensional rebound value (R-value) is proportional to the compression resistance of the rock surface and to the weathering degree of the rock sample, when assuming the same lithology and climate conditions and lowers with increasing exposure times (McCarroll, 1989) . The R-values allow dating of the exposure-age of the rock surface (i.e. a minimal age of the surface) when considering the transport-related surface roughness of the measured rock sample. In glacial, fluvio-glacial and fluvial environments blocks may be polished and rounded during transport above, within or below the glacier or as a function of the transport distance (McCarroll, 1989; Shakesby et al., 2006) .
The Schmidt hammer has been used frequently since the 1980s (cf. Goudie, 2006) in chronostratigraphical studies in glacial and peri-glacial environments for the relative dating of the surface of moraines (Evans et al., 1999; Shakesby et al., 2006; Winkler, 2009) , pronival ramparts and rock glaciers Kellerer-Pirklbauer et al., 2008; Scapozza et al., 2011b) . When R-values of two or more surfaces of known age are available, the Schmidt hammer exposure-ages may be calibrated using a linear regression as suggested by Kellerer-Pirklbauer (2008), Matthews and Owen (2010) and Shakesby et al. (2011) or a curvilinear relationship if the median R-values are a power law function of exposure age as suggested by Stahl et al. (2013) .
In this study, we defined five measurement locations of five blocks each on which 10 points of measurement were performed using a LD type Schmidt hammer (Digi-Schmidt 2000 from Proceq). For each point, R-value measurement was repeated four times (four consecutive impacts), giving in total 200 measures per location (see Scapozza et al., 2011b, for details) . In order to calculate the overall mean R-value for each measurement location, for every measurement point extreme values were discarded and the arithmetical mean between the remaining median values was first calculated. A standard measurement error in the 95% confidence interval was then calculated (Kellerer-Pirklbauer, 2008) to compare relative ages.
Age differences between two measurement locations were considered statistically significant when the 95% confidence intervals did not superimpose. Based on the results of Scapozza (2013) , who found linear relationships between R-values of three surfaces of known age in two different lithologies of the Cima di Gana Bianca Massif, we used linear regression for calibrating the age data. The 95% confidence interval of R-values was then used to calculate the error of the calibrated exposure-age separately for each location (Shakesby et al., 2006; Kellerer-Pirklbauer, 2008) .
Thanks to the SHD, it was possible to calculate long-term mean horizontal surface velocities of the Stabbio di Largario rock glacier as a function of the distance of the SHD location from the Rock Glacier Initiation Line Altitude (RILA). The RILA represents the altitude from which the rock glacier starts to creep out from the slope above (Humlum 1988 (Humlum , 2000 . Similar to what André (1994) proposed for rock glaciers from Svalbard using exposure-age dating by lichenometry, the proposed approach consists of calculating the ratio between the difference in exposure-age and the horizontal distance of the two selected points. By doing so, we determine the mean surface velocity along a longitudinal velocity streamline of the rock glacier, which represents the opposite with respect to the age estimation of a rock glacier based on the photogrammetric quantification of streamlines form surface velocity fields (e.g. Avian et al., 2005; Kääb, 2005; Frauenfelder, 2005) .
Dating of the glacial landforms (moraines, roches moutonnées, etc.) used for the exposure-age calibration are taken from Scapozza and Fontana (2009) and Scapozza (2013) .
Monophotogrammetry
Monophotogrammetry (or monoplotting) involves obtaining measurements following georeferentiation of a single oblique unrectified photograph using a Digital Terrain Model (DTM) (Bozzini et al., 2012) . In practical terms, each pixel of the photograph is linked to the corresponding pixel on the DTM so that it can be referred to in the correspondent real world coordinates (i.e. georeferenced coordinates). The availability of high resolution DTMs is of primary importance for applying this technique. Contrary to classical stereophotogrammetry, where the three-dimensional (3D) position of every pixel can be determined by overlapping a stereopair of photographs, in monophotogrammetry the correct location of a pixel can be only obtained by a precise correlation of the photographs with the DTM.
The WSL-Monoplotting-tool (Bozzini et al., 2012; Conedera et al., 2013) we used in this study was designed to orthorectify the visible landscape on oblique single pictures and to produce and export georeferenced vector data by drawing them directly on the analysed photographs. The tool enables orthorectification of the digital image to the DTM by defining at least four control points clearly and precisely identifiable both on the photograph and in georeferenced and orthorectified maps (topographical maps, orthophotos, cadastral surveys, etc.). The quality of georeferentiation of the photographs is dependent on the accuracy of definition of the control points, which must be unambiguous (e.g. roads, footpath intersections, buildings, rocky outcrops, wall corners, etc.), homogeneously distributed across the photograph and possibly placed on the ground surface (thus on the DTM) (Bozzini et al., 2012) .
The camera calibration consists of an iterative approach aimed at finding the camera parameters that minimize the error between the defined and the calculated 3D position of the control points. The quality of the camera calibration is finally assessed by verifying the georeferentiation precision of the defined control points both in quantitative [two-dimensional (2D) and 3D metric error on the georeferenced oblique photographs] and qualitative (position of the mapped elements, projection of georeferenced elements on the oblique photograph) terms (Figure 2 ).
In the presence of high quality photographs (e.g. high resolution, undistorted, etc.), high resolution DTMs (e.g. resolution 2 m, no modification of the topography since the time of the picture) and accurately defined control points (e.g. number and distribution on the photograph), it is possible to achieve precision levels better than 1 m and between 0.5 and 5 m on average (Conedera et al., 2013) . For the present study, we searched in local archives and in Solari (1998) finding six useful historical photographs representing the Stabbio di Largario rock glacier between AD 1910 and 2010. Because of the generally large incidence angle of the available photographs with respect of the DTM of the rock glacier, we cannot exclude large location errors when georeferencing morphological elements in the picture. In order to crosscheck the theoretical georeferencing error, four rocky outcrops corresponding to the four elevation points 2285, 2300, 2340 and 2355 m a.s.l. in Figure 1D , assumed to be stable with time, but not considered as control points for calibrating the pictures, were additionally recognized and mapped in every photograph.
Differential global positioning system (dGPS)
The differential global positioning system (dGPS) allows measurement of the 3D position of a site on the earth with an accuracy of some centimetres (Little et al., 2003) . It is based on the simultaneous utilization of two antennas: a fixed reference antenna and a rover antenna for field data acquisition. Placing the reference antenna at a point of known coordinates allows a real-time correction of the measured coordinates thanks to the rover antenna (Lambiel and Delaloye, 2004) . The rover antenna is connected with the reference antenna by a radio signal, allowing the measurement of the position of survey points with an accuracy of 1 to 3 cm. On the Stabbio di Largario rock glacier, 33 points distributed over the entire surface of the landform were measured every year since AD 2009 by placing the reference antenna at the same point. The displacements were then converted in horizontal surface velocities (in cm/a). Two control points placed on fixed points (bedrock surface) allowed an assessment of the data quality attribute for every measurement. In this study, dGPS measurements were carried out with SR 530 equipment by Leica Geosystems. In total, five dGPS data acquisition campaigns were organized between 2009 and 2012. Two measurements for the definition of the summer velocities were taken in July and October 2009, respectively, whereas an additional three measurement campaigns were conducted in 2010, 2011 and 2012 around the end/beginning of the hydrological year, which is 30 September-1 October in Switzerland. The measured velocities were also put in relation with the displacements obtained through analysis of InSAR (space-borne Synthetic Aperture Radar Interferometry; e.g. Strozzi et al., 2004; Lambiel et al., 2008) images for the period 1994-2007 .
Results
Schmidt hammer exposure-age dating (SHD)
Mean Schmidt hammer R-values measured on five locations of the Stabbio di Largario rock glacier ( Figures 1D and 3A , range from 48 on the Younger Dryas surface located close to the rock glacier (SL-5) to 60 in the rooting zone of the landform (SL-4), which was occupied by a small glacier during the LIA. The R-values increase linearly with the altitude from the front towards the rooting zone of the rock glacier ( Figure 3A) , indicating an increase in exposure-ages towards the front. The differences in R-values are significant between the lower part (SL-1-2) and the upper part (SL-3-4) of the rock glacier and between the whole rock glacier and SL-5 (p < 0.05).
For Alpe Pièi ( Figures 1C and 3A , Table I ), mean R-values range from 44 on roches moutonnées of the Oldest Dryas located downhill on the rock glacier front (PI-1) to 57 on the upper part of the landform (PI-4-6). The exposure-age differences between the roches moutonnées and the rock glacier, and between the two lobes of the rock glacier (with the exception of the location PI-4), are significant (p < 0.05), allowing a consideration of the exposure-age of both rather homogeneous lobes and the lower lobe, which is older than the upper one ( Figure 3A ). Due to their position on the upper part of the lower lobe, it is very probable that blocks of location PI-4 fell from the top of the front of the upper lobe. This would explain the same R-value for location PI-4 and PI-5. Finally, no significant differences in R-values were detected between the two rock glaciers. However, this is not the case for the two Lateglacial surfaces of glacial erosion, where the Younger Dryas surface (SL-5) is significantly younger than the Oldest Dryas roches moutonnées (PI-1).
The calibration of SHD for the two rock glaciers (composed of the same lithology) was performed thanks to the AD 1850 glacial moraine (location SL-4) present at the rooting zone of the Stabbio di Largario rock glacier ( Figure 1D ) and to the two glacial erosion surfaces attributed to the end of the Younger Dryas (SL-5) and to the Oldest Dryas (PI-1) ( Figure 3B ). For the Stabbio di Largario rock glacier, Schmidt hammer exposureages (i.e. minimal ages of the rock glacier surface) are between 3.9 ± 0.7 ka cal BP just above the front (SL-1) and 1.1 ± 0.9 ka cal BP downhill of the LIA moraine (SL-3) (Table II) . For the Alpe Pièi rock glacier, a difference of about two millennia is present in the Schmidt hammer exposure-ages between the lower lobe (5.8-3.8 ka cal BP; range of the SHD PI-2 and PI-3) and the upper lobe (3.8-2.2 ka cal BP; range of the SHD PI-5 and PI-6).
Long-term mean horizontal surface velocities calculated through use of the SHD and considering the mean age of each SHD are presented in Figure 3C . The age error based on the 95% confidence interval was used for calculating a mean velocity error of 0.75 cm/a. The horizontal surface velocities (Table III) calculated on the basis of the SHD range between 6.0 and 7.5 cm/a from 3.0 ka cal BP and present an increase (from 6.4-7.9 to 9.3-10.8 cm/a) from 1.1 ka cal BP. Considering the position of the SHD locations, it is possible to exclude the influence of slope angle on the calculated mean horizontal surface velocities. Their increase from 1.1 ka cal BP is in fact shown by SHD SL-3 and SL-4, which were placed in the rooting zone of the rock glacier where the slope angle is regular (constant distance between the contour lines on Figure 1D ), and not by the SHD performed on the rock glacier tongue, where the slope is steeper.
Monophotogrammetry
All six selected photographs ( Figure 4 ) were georeferenced with a submetric mean theoretical 3D error and a maximal 3D error ranging from 69 to 397 cm (Table IV) .
A major problem in mapping morphological elements of the rock glacier through monoplotting is created by the DTM. Indeed, the application of the actual DTM (SwissALTI3D of the Swiss Federal Office of Topography swisstopo) causes a significant error in the georeferentiation of the mapped elements, because the advancing rock glacier buries the earlier positions of the rock glacier front. To overcome this problem, a smoothed DTM of the rock glacier surface was created by interpolating the contour lines within the rock glacier perimeter ( Figure 5A ). The smoothed DTM allowed a realistic mapping of the front edge for almost all photographs ( Figure 5B ). Concerning the photograph SOL138 (Figure 4A ), the incidence angle was too large and the mapped points were projected 'behind' the real topography and thus not intercepted by the smoothed DTM. In this case, a less precisely definable morphological element such as the front base was mapped. Note: Calibration by linear regression of the rebound values measured on the Stabbio di Largario (SL) and Alpe Pièi (PI) rock glaciers. The age was obtained by the age-calibration of the mean R-value, whereas the age error was calculated by and age-calibration of the 95% confidence interval (see text for details). Note: The age error was used for calculating the range of velocity of the Stabbio di Largario rock glacier (see also Figure 3C ).
ASSESSING THE ROCK GLACIER KINEMATICS ON THREE DIFFERENT TIMESCALES
Finally, the horizontal distance between the defined rock glacier positions on the photographs and the related horizontal surface velocity variations of the front of the rock glacier since AD 1910 were calculated (Table V and Figure 6A ) from the mapped morphological elements (Figures 4 and 5B) , also considering the errors generated by the line of sight angle (error of orthorectification due to zones of the rock glacier not represented in the photographs) and the georeferentiation error. Horizontal surface velocities were calculated along a longitudinal streamline relating the rooting zone to the frontal part of the Note: The maximal three-dimensional (3D) error of georeferentiation was used for calculating the range of velocity of the Stabbio di Largario rock glacier (see also Table V and Figure 6A ). rock glacier. It is clear that this approach does not allow a calculation of horizontal surface velocities sensu strictu, because the front advance is not equivalent to surface velocities. Mean velocities of the Stabbio di Largario rock glacier presented here in fact refer only to its frontal part, because they were calculated on the basis of the difference in the position of the front of the rock glacier. Calculated mean velocities range from c. 18 cm/a for the period AD 1910 AD -1924 to values higher than 70 cm/a after AD 1996, whereas values for 2008 and 2010 are probably overestimated because of the short period of time between the defined positions.
Differential global positioning system (dGPS)
Horizontal surface velocities for the present day were derived from dGPS and ranged from 24 to 35 cm/a in the middle of the rock glacier and from 49 to 56 cm/a in the front part of the rock glacier ( Figure 6B) . Velocities of the middle increased from 2009 to 2012, whereas at the front, maximum velocities were obtained during the hydrological year 2011. The mean horizontal surface velocity of the entire rock glacier ranges from 34 (summer 2009) to 39 cm/a (hydrological year 2011). The mean value for the whole measurement period (10 July 2009-18 September 2012) is 53 cm/a in the front part (mean of 12 dGPS points), 30 cm/a in the middle part (mean of seven dGPS points), and 36 cm/a for the entire rock glacier (mean of 25 points measured on the rock glacier surface between the front and the rooting zone).
Discussion
Age of development of the rock glacier Velocity curves derived from the three different methods applied are easily consolidated into a consistent overall picture. Long-term SHD mean velocity is quite slow (10.0 ± 0.8 cm/a) but in the same order of magnitude of the mean value of 17.9 ± 14.2 cm/a resulting from the WSL-Monoplotting-tool analysis for the beginning of the twentieth century. Similarly, the high monophotogrammetry-derived velocities since the 1990s (72.5 ± 11.2 cm/a) are in the same order of magnitude as the maximal dGPS velocities range (49.1-56.1 cm/a). It is in fact not surprising that the monophotogrammetry-derived velocities based on the front position, which is the fastest part of the Largario rock glacier, are higher when compared with horizontal surface velocities of the entire front part as assessed with annual dGPS monitoring. Nevertheless, the advance rates of the rock glacier, derived from the changes in position of the front, do not exactly correspond with horizontal surface velocities, derived from the dGPS monitoring of the position of several boulders. Therefore, the apparent deceleration related to the transition from monophotogrammetry-derived velocities ( Figure 6A ) to the dGPS-derived velocities between 2008 and 2009 cannot be interpreted in terms of rock glacier kinematics. Reliable synthesis of mean horizontal surface velocity curves of the Stabbio di Largario rock glacier over the last 6.0 ka ( Figure 7A ) and for the period between the end of the LIA (AD 1850) and today ( Figure 8A ) was possible. For the correct interpretation of synthesis velocity curves, however, it is important to consider the different errors of every method applied here. In particular, changes in the rock glacier kinematics along the twentieth century were derived exclusively from monophotogrammetry because it is very difficult to connect the advance rates of the front with the surface velocities (see earlier).
Long-term mean horizontal surface velocities along a longitudinal velocity streamline linking the rooting zone to the frontal part of the rock glacier, calculated on the basis of SHD measurements, enabled us to extrapolate the exposure-age of the rock glacier front at 5.05 ± 0.57 ka cal BP. This is assumed to be the maximal exposure-age or surface age of the whole landform (i.e. the minimal age of development of the rock glacier) ( Figure 3C ). The 'real' age of the entire landform could be several centuries or millennia older than the surface age as determined by SHD, confirming that this rock glacier started to evolve during or just after the end of the Mid-Holocene climate optimum, which in Central Europe lies between c. 8.5-5.5 ka BP (≈9.5-6.3 ka cal BP) and was characterized by mean July temperatures 0.5-1.5°C higher than in the twentieth century (Burga et al., 2001 ). This result confirms other numerical (radiocarbon and TCNs) and SHD dating (see a compilation in Scapozza, 2013) of the development of active rock glaciers in the European Alps (e.g. Calderoni et al., 1993; Dramis et al., 2003; Frauenfelder et al., 2005; Kellerer-Pirklbauer, 2008; Scapozza et al., 2011b) and in Iceland (e.g. Kellerer-Pirklbauer et al., 2008) , which report ages generally of between 6.0 and 3.0 ka cal BP.
SHD provides centennial to millennial variations of velocity representing the long-term speed of the rock glacier under partial steady-state climate conditions as reflected by the global climate trend. The limited number of locations where SHD was applied has the consequence that only the effects of major climate change periods, for example Medieval Warm Period (MWP) and post-LIA related warming, can be detected in the long-term rock glacier kinematics. An increase in the number of SHD locations in order to obtain a more detailed image of the long-term speed variations is of course possible, but implies the risk of obtaining dating not differentiated at a significant level (p > 0.05).
Long-term rock glacier kinematics
Long-term rock glacier kinematics have relatively constant velocities from the period of development of the landform to c. 1.2/1.1 ka cal BP, followed by a slow increase in velocity until the beginnings of the twentieth century and with a significant acceleration during the last decade of the twentieth century. Isotope curves from Greenland show similar relatively constant behaviour ( Figure 7B ) from 6.0 to 1.0 ka cal BP, with a slow decrease in δ 18 O [observable in particular in the North Greenland Ice Core Project (NGRIP) curve] indicating a cooling trend of the climate after the Mid-Holocene climate optimum usually known as Neoglaciation (Matthews and Dresser, 2008) . In the Swiss Alps, this cooling trend is associated with a major reduction of glacial recession rates from 3.4 ka cal BP, as well as an important glacier advance starting at the end of the Roman Period. From 1.5 ka cal BP the Great Aletsch glacier reached the position of the maximum stage of AD 1859/1860 at least three additional times ( Figure 7C ). The long-term horizontal surface velocities of about 7-10 cm/a for the period before the Middle Ages are of the same magnitude of inferred longterm velocities of other rock glaciers as determined by exposure-age dating (in particular by lichenometry), for instance 1-7 cm/a for Svalbard (André, 1994) , under much colder temperature conditions, 7-33 cm/a for Canada (Sloan and Dyke, 2004) , and 1-14 cm/a for the Alps in the Valais under temperature conditions similar to those of the southern Swiss Alps (Scapozza, 2013) . The first evidence of increases in long-term velocities is reported for the beginning of the MWP (c. AD 800/900 to AD 1250/1300 according to Mann et al., 2009 ), due to a relatively warm and dry period preceding the LIA cooling period. For the Piancabella site, located only 3 km southeast of the Stabbio di Largario rock glacier, a radiocarbon dating of larch (Larix decidua) sub-fossil logs from the base of the rock glacier front shows that during the end of the MWP (radiocarbon dating UZ-5545/ETH-34417 at 895-795 14 C BP = AD 1040-1280) the mean summer temperature was 1.2°C higher than in AD 1950 (Scapozza et al., 2010) ; this probably caused the inactivation of the Piancabella rock glacier.
During the MWP and the LIA the horizontal surface velocity remained stable at around 10 cm/a. In the southern Swiss Alps, the LIA was characterized by a marked glacial advance in particular during the period between AD 1590 and 1850 (Pellegrini, 1973) . During this period (and probably also during the cold climate oscillation of Göschenen II preceding the MWP) the rooting zone of the Stabbio di Largario rock glacier was occupied by a small cirque glacier. The depression in the rooting zone represents the morphological trace of this glacier, which disappeared during the twentieth century. The clear pre-LIA exposure-age revealed by the SHD allows us to exclude the involvement of ice during the last 1.5 ka glacial advances in the post-LIA rock glacier kinematics (see Avian et al., 2005 , for a similar case in Austria Central Alps). Thus, the acceleration of the rock glacier during the first decades of the twentieth century (from c. 10 cm/a in AD 1909 to c. 30 cm/a in AD 1941; Figure 8A ) may be interpreted as a consequence of the significant supply of liquid water due to the melting of the glacier. Indeed, water circulation in the ground can have a considerable influence on the creeping dynamics of a rock glacier Lambiel, 2011) . This acceleration Figure 8B ). The acceleration of the rock glacier is also visible on InSAR images derived from the comparison of interferograms produced by satellites ERS-1 and ERS-1 . The interferogram derived from image acquisition on 31 July and 4 September 1998 (34 days of separation) at the Stabbio di Largario rock glacier shows a coherent image revealing movements lower than 3 cm/month (corresponding to the half of the wavelength) for the tongue of the rock glacier and a decorrelated image showing movements higher than 3 cm/month for the depression located in the rooting zone, probably related to the melting of the perennial ice patches (Ramelli et al., 2011) . This corresponds for summer 1998 to low velocity (maximum 20 cm/a) sensu Lambiel et al. (2008) at the tongue of the rock glacier, and medium velocity (20-100 cm/a) at the rooting zone. The difference between the mean horizontal surface velocity measured by dGPS between 2009 and 2012 for the median and the frontal part of the rock glacier (30 and 53 cm/a with an associated vertical movement of 18 to 27 cm/a) and the rooting zone (10 cm/a with a vertical movement of 6 to 11 cm/a) (S. Mari, 2013, unpublished data) and the magnitude of movements revealed by the InSAR data confirms an acceleration of the tongue of the rock glacier since AD 1998, which is perfectly in line with the data obtained by the monophotogrammetric approach. This significant speed-up of the rock glacier since the end of the 1990s is consistent with the behaviour of most European Alpine rock glaciers (e.g. Avian et al., 2005; Kääb et al., 2007; Delaloye et al., 2008 Delaloye et al., , 2010 ). An acceleration is usually related to the recent increase of air and permafrost temperatures, which, in some cases, has already caused a destabilization of the entire landform (e.g. Roer et al., 2008; Lambiel, 2011; Delaloye et al., 2013) . This is not yet the case for the Stabbio di Largario rock glacier thanks to rather slow creeping velocities. Nevertheless, the presence on the rock glacier tongue of several small transversal crevasses and of a large, some tens of metres long, longitudinal crevasse ( Figure 1D ) can be the morphological sign of an incipient destabilization of the rock glacier, which may evolve in future from a deformation-driven body to a sliding body. Indeed, the presence of crevasses may encourage the liquid water infiltration and then have an effect on the speed up of the rock glacier Lambiel, 2011) , creating a positive feedback between the degree of instability and velocity.
Conclusions
Four main conclusions can be drawn from the assessment of the kinematics of the Stabbio di Largario rock glacier on three different timescales proposed in this contribution. First, the extrapolated exposure-age (i.e. minimal age) of the front of the rock glacier of 5.05 ± 0.57 ka cal BP indicates that the Stabbio di Largario rock glacier started to develop during or just after the end of the Mid-Holocene climate optimum (9.5-6.3 ka cal BP). Second, an acceleration took place during the MWP, which was characterized in the southern Swiss Alps by summer temperatures 1.2°C higher than in AD 1950 and which also caused important changes in dynamics, rheological properties and thermal conditions of the neighbouring Piancabella rock glacier (cf. Scapozza et al., 2010) . Third, a subsequent acceleration occurred after the end of the LIA as a reaction to a warming of MAAT and an increase in MAP during the first half of the twentieth century (regional parameter), and probably also as a consequence of the melting of the glacier that occupied its rooting zone (local parameter). Finally, a significant acceleration has taken place since the late 1990s as the consequence of severe recent warming, resulting in the first signs of possible destabilization of the Stabbio di Largario rock glacier, such as the formation of crevasses on the rock glacier tongue. These results highlight an existing relationship between periods of increase in mean air temperature on different timescales and phases of rock glacier acceleration. If the second and third points mentioned earlier are concerned with regional-scale and local-scale responses of the Stabbio di Largario rock glacier to climate variations and, partially, to glaciological constraints, the first and fourth represent a response to continental-and global-scale climate signals. All four points have, however, the common trait of linking phases of rock glacier acceleration to increases in mean air temperature since the Mid-Holocene climate optimum. Furthermore, our findings indicate that these insights into the creep mechanisms of rock glaciers are not only present on a short-term scale (e.g. Kääb et al., 2007) , but also on the long-term scale of rock glacier development and evolution (i.e. the scale of high mountain landscape evolution).
From a methodological point of view, this work has highlighted the importance of combining different surveying methods. Indeed, the first three points listed earlier could be defined by an approach combining millennial (defined by SHD) and centennial to decadal (defined by monophotogrammetry) creeping fluctuations. The use of the WSL-Monoplotting-tool has allowed for a more precise assessment of rock glacier velocities during the last century. Nevertheless, this particular case study permitted us to underline some problems related to the application of a current DTM subjected to alterations due to rock glacier advances in reconstructing past elements of the landscape. The main problems were related to the alteration of the DTM caused by the rock glacier advance, and to the production of large location errors in the case of DTM interception with quite a large angle from nadir, which is a general problem of monoscopic terrestrial photographs. Despite these problems, it was shown that the application of monophotogrammetry allows us to go back several decades more in time (at least to the beginnings of the twentieth century) as opposed to the classical stereophotogrammetry. It is therefore desirable to consider this tool as either a valid alternative or an important complement to traditional aerial photogrammetry in the future.
